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1. Introduction {#open201900215-sec-0001}
===============

The mineral ettringite \[Ca~3~Al(OH)~6~\]~2~ ⋅ (SO~4~)~3~ ⋅ 26H~2~O is a key constituent in cement‐based construction materials and is considered an integral part of the cementitious matrix.[1](#open201900215-bib-0001){ref-type="ref"}, [2](#open201900215-bib-0002){ref-type="ref"}, [3](#open201900215-bib-0003){ref-type="ref"}, [4](#open201900215-bib-0004){ref-type="ref"}, [5](#open201900215-bib-0005){ref-type="ref"}, [6](#open201900215-bib-0006){ref-type="ref"} The crystal structure of ettringite consists of columns of alternating calcium and aluminium polyhedra (Figure [1](#open201900215-fig-0001){ref-type="fig"}). The channels between the columns contain sulphate anions, which can be exchanged by other acidic anions.[7](#open201900215-bib-0007){ref-type="ref"}, [8](#open201900215-bib-0008){ref-type="ref"}, [9](#open201900215-bib-0009){ref-type="ref"}, [10](#open201900215-bib-0010){ref-type="ref"} Calcium or aluminium can be replaced by other metal cations incorporated into the structure.[11](#open201900215-bib-0011){ref-type="ref"}, [12](#open201900215-bib-0012){ref-type="ref"}, [13](#open201900215-bib-0013){ref-type="ref"}, [14](#open201900215-bib-0014){ref-type="ref"}, [15](#open201900215-bib-0015){ref-type="ref"}, [16](#open201900215-bib-0016){ref-type="ref"}, [17](#open201900215-bib-0017){ref-type="ref"}, [18](#open201900215-bib-0018){ref-type="ref"}, [19](#open201900215-bib-0019){ref-type="ref"} This ion exchange ability and some other unique properties have extended the interest in ettringite well beyond construction industries. For example, ettringite properties are fundamental to the use of cement‐based materials for the storage of hazardous waste,[20](#open201900215-bib-0020){ref-type="ref"} paper and plastic manufacturing,[21](#open201900215-bib-0021){ref-type="ref"} and for the novel developments of the adsorption‐based treatment of wastewater and environmental remediation.[8](#open201900215-bib-0008){ref-type="ref"}, [11](#open201900215-bib-0011){ref-type="ref"}, [22](#open201900215-bib-0022){ref-type="ref"}, [23](#open201900215-bib-0023){ref-type="ref"}, [24](#open201900215-bib-0024){ref-type="ref"}, [25](#open201900215-bib-0025){ref-type="ref"}

![Crystal structure of ettringite showing (dark blue) calcium polyhedra, (yellow) aluminium octahedrons and (light blue) sulphate anions in channels. Structural water is also observed in the channels.[26](#open201900215-bib-0026){ref-type="ref"}](OPEN-8-1012-g001){#open201900215-fig-0001}

Conventional ettringite syntheses are time‐, energy‐, and water‐consuming and produce large quantities of chemical waste.[21](#open201900215-bib-0021){ref-type="ref"} Furthermore, the preparation of ettringite precursors is accompanied by release of significant quantities of CO~2~. This owes to the burning of CaCO~3~ as the source of calcium. Ettringite production would, therefore, benefit greatly from the development of new synthetic pathways, economically viable and fulfilling current ecological requirements.

Typical routes to ettringite formation are listed in Table [1](#open201900215-tbl-0001){ref-type="table"}. In cementitious systems, ettringite forms during the hardening process according to Eq. 1,[5](#open201900215-bib-0005){ref-type="ref"}, [27](#open201900215-bib-0027){ref-type="ref"}, [28](#open201900215-bib-0028){ref-type="ref"} and this reaction can be performed in small scale under laboratory conditions. Eq. 1 requires, however, the formation of tricalcium aluminate Ca~3~Al~2~O~6~, which is prepared by repeated burning of CaCO~3~ and Al~2~O~3~ at 1400 °C.[5](#open201900215-bib-0005){ref-type="ref"}, [29](#open201900215-bib-0029){ref-type="ref"}, [30](#open201900215-bib-0030){ref-type="ref"} This step produces at least three times more CO~2~ than ettringite. The synthesis of ettringite described by Fridrichová et al. (2) requires preparation of the mineral ye\'elimite Ca~4~Al~6~O~12~(SO~4~) by burning of CaCO~3~, Al~2~O~3~ and CaSO~4~ ⋅ 2H~2~O at up to 1250 °C for 5 h.[31](#open201900215-bib-0031){ref-type="ref"} Further wet‐chemical syntheses from pure reactants can be performed according to Eq. 3 and Eq. 4. All these syntheses include stirring of the reactant‐containing suspension, filtration of the suspension after stirring, washing, and prolonged drying of the reaction product.[29](#open201900215-bib-0029){ref-type="ref"}, [31](#open201900215-bib-0031){ref-type="ref"} Consequently, the synthetic procedures require hours to days and must be conducted under inert atmosphere or in special (e.g. sucrose) environments.[7](#open201900215-bib-0007){ref-type="ref"}, [32](#open201900215-bib-0032){ref-type="ref"} These precautions prevent possible decomposition of ettringite in the presence of CO~2~.[13](#open201900215-bib-0013){ref-type="ref"}, [33](#open201900215-bib-0033){ref-type="ref"} Ettringite can be further obtained as a by‐product of the treatment of industrial waste water with Ca~12~Al~14~O~33~.[34](#open201900215-bib-0034){ref-type="ref"} However, product purification is still required. An alternative synthesis route has been reported, in which ultrasound treatment of the reactant‐bearing suspension accelerates ettringite precipitation.[13](#open201900215-bib-0013){ref-type="ref"} Although the ultrasonication significantly reduces the reaction time, the environmental impact due to the separation of ettringite from the mother suspension and from the side product remains. Thus, an improved, ready‐to‐use and environmentally benign synthesis of ettringite, which is fast, reduces CO~2~ emissions, as well as energy and water consumption, is still lacking.

###### 

Some possible ettringite formation routes.

  Eq.   Reaction
  ----- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  1     Ca~3~Al~2~O~6~+3 CaSO~4~ ⋅ 2H~2~O+26 H~2~O→ \[Ca~3~Al(OH)~6~\]~2~ ⋅ (SO~4~)~3~ ⋅ 26H~2~O[5](#open201900215-bib-0005){ref-type="ref"}, [27](#open201900215-bib-0027){ref-type="ref"}, [28](#open201900215-bib-0028){ref-type="ref"}
  2     6 Ca~4~Al~6~(SO~4~)O~12~+160 H~2~O→ 2 \[Ca~3~Al(OH)~6~\]~2~ ⋅ (SO~4~)~3~ ⋅ 26H~2~O+26 Al(OH)~3~+ 3 Ca~4~\[Al(OH)~6~\]~2~ ⋅ (OH)~2~ ⋅ 12H~2~O[31](#open201900215-bib-0031){ref-type="ref"}
  3     3 Ca(OH)~2~+2 Al(OH)~3~+3 CaSO~4~ ⋅ 2H~2~O+20 H~2~O→ \[Ca~3~Al(OH)~6~\]~2~ ⋅ (SO~4~)~3~ ⋅ 26H~2~O[35](#open201900215-bib-0035){ref-type="ref"}
  4     Al~2~(SO~4~)~3~ ⋅ 18H~2~O+6 CaO+14 H~2~O→ \[Ca~3~Al(OH)~6~\]~2~ ⋅ (SO~4~)~3~ ⋅ 26H~2~O[16](#open201900215-bib-0016){ref-type="ref"}, [36](#open201900215-bib-0036){ref-type="ref"}

Wiley‐VCH Verlag GmbH & Co. KGaA

Mechanochemistry is an effective solid‐state approach for the rapid synthesis of materials in high yields.[25](#open201900215-bib-0025){ref-type="ref"}, [35](#open201900215-bib-0035){ref-type="ref"}, [37](#open201900215-bib-0037){ref-type="ref"}, [38](#open201900215-bib-0038){ref-type="ref"}, [39](#open201900215-bib-0039){ref-type="ref"}, [40](#open201900215-bib-0040){ref-type="ref"}, [41](#open201900215-bib-0041){ref-type="ref"}, [42](#open201900215-bib-0042){ref-type="ref"}, [43](#open201900215-bib-0043){ref-type="ref"}, [44](#open201900215-bib-0044){ref-type="ref"}, [45](#open201900215-bib-0045){ref-type="ref"}, [46](#open201900215-bib-0046){ref-type="ref"}, [47](#open201900215-bib-0047){ref-type="ref"}, [48](#open201900215-bib-0048){ref-type="ref"}, [49](#open201900215-bib-0049){ref-type="ref"}, [50](#open201900215-bib-0050){ref-type="ref"}, [51](#open201900215-bib-0051){ref-type="ref"}, [52](#open201900215-bib-0052){ref-type="ref"}, [53](#open201900215-bib-0053){ref-type="ref"}, [54](#open201900215-bib-0054){ref-type="ref"}, [55](#open201900215-bib-0055){ref-type="ref"}, [56](#open201900215-bib-0056){ref-type="ref"}, [57](#open201900215-bib-0057){ref-type="ref"}, [58](#open201900215-bib-0058){ref-type="ref"} Extensive reviews of mechanosyntheses are available,[49](#open201900215-bib-0049){ref-type="ref"}, [59](#open201900215-bib-0059){ref-type="ref"}, [60](#open201900215-bib-0060){ref-type="ref"}, [61](#open201900215-bib-0061){ref-type="ref"}, [62](#open201900215-bib-0062){ref-type="ref"} highlighting their particular benefit of avoiding solvent waste. With respect to ettringite formation, these high‐yield mechanochemical techniques promise to reduce solvent requirements, while further reducing necessary purification steps. Zhong et al. have studied the mechanochemical preparation of the ettringite precursor, which was later used to remove pollutants from wastewater by the formation of ettringite.[25](#open201900215-bib-0025){ref-type="ref"} Other reports describe the mechanochemical formation of complex calcium‐metal hydrates that are structurally related to ettringite.[25](#open201900215-bib-0025){ref-type="ref"}, [42](#open201900215-bib-0042){ref-type="ref"}

Recently, we elaborated the suitable strategy for the sustainable mechanochemical synthesis of ettringite.[35](#open201900215-bib-0035){ref-type="ref"} The strategy included the neat pre‐grinding of the solid reactants followed by the addition of the stoichiometric water amount. This grinding strategy is proved to be very effective, leading to 94 %~wt.~ of the reaction conversion after a reaction time of 2 h. The product is a dry powder containing 94 %~wt.~ ettringite, which is of the adequate quality for many industrial applications and waste water treatment.

Here, we explore the mechanistic details of ettringite synthesis by mechanochemistry. This work identifies the relative importance of mechanochemical activation of individual solid components on the rate and mechanism of ettringite formation. The reaction conversion is considerably influenced by the duration of the neat pre‐grinding. The latter affects primarily the crystallinity of the solid reactants. The crystallinity of Al(OH)~3~ lowers significantly during the grinding, whereas the crystallinities of Ca(OH)~2~ and CaSO~4~ ⋅ 2H~2~O hardly change. Thereby, the decrease in crystallinity of Al(OH)~3~ in the presence of Ca(OH)~2~ is crucial for the achieving the high conversion of this mechanochemical reaction. The variations in the order of reactant mixing allowed us to identify solid reactants for which mechanochemical activation plays the most crucial role. This work therefore provides a new understanding of the two‐step mechanochemical ettringite formation and paves the way to further improvement of the synthesis efficiency and its possible industrial implementation.

Experimental Section {#open201900215-sec-0002}
====================

The mechanosyntheses were carried out according to Eq. 3 (Table [1](#open201900215-tbl-0001){ref-type="table"}). The grinding experiments were performed in a vibratory ball mill Pulverisette 23 (Fritsch, Germany) at a frequency of 50 Hz. The syntheses were carried out using a 10 mL Perspex grinding jar and two zirconia balls (diameter 10 mm, weight 3 g) to exclude the incorporation of iron from the milling equipment into the ettringite structure.[35](#open201900215-bib-0035){ref-type="ref"} Aluminium hydroxide Al(OH)~3~ (Kraft, ≥99 %), calcium sulphate dihydrate CaSO~4~ ⋅ 2H~2~O (Bernd Kraft, ≥98 %), calcium hydroxide Ca(OH)~2~ (Sigma‐Aldrich, ≥96 %) and water (MilliQ, 18.2 MΩ ⋅ cm) were used as reactants in the stoichiometric amounts according to Eq. 3. Variations of the grinding experiments included one‐, two‐, and three‐step processes (Figure [2](#open201900215-fig-0002){ref-type="fig"}):

![Scheme of the mechanosyntheses: (\#1) one‐step wet grinding; (\#2) two‐step grinding consisting of neat pre‐grinding and wet grinding; (\#3) three‐step grinding consisting of two partial neat pre‐grinding steps and wet grinding, exemplarily shown for one mechanosynthesis in the right column.](OPEN-8-1012-g002){#open201900215-fig-0002}

one‐step syntheses: all four reactants were added into the jar and ground together;two‐step syntheses: Step 1: neat pre‐grinding of dry reactants (gradual increase of the grinding duration from 15 to 120 min in 15 min steps). Step 2: the delayed addition of water and further grinding for 30 min;three‐step syntheses. Step 1: pairs of dry reactants were ground. Step 2: the third dry reactant was added, and the mixture was ground. Step 3: purified water was added to the mixture, and the mixture was ground. The details of these mechanosyntheses are summarized in Figure [3](#open201900215-fig-0003){ref-type="fig"}Figure 3Schemes of the three‐step mechanosyntheses (\#3 in Figure 2). The duration of grinding after reactant addition is specified in brackets. The quantity of each reactant was calculated based on the reaction stoichiometry (Eq. 3, Table 1)..

The aim of these three‐step syntheses was to identify the intermediate steps of the mechanochemical ettringite formation based on the products of the mechanochemical treatment of each reactant pairs. The durations of the Steps 1--3 are partly varied considering the grinding durations of the two‐step syntheses. When varying the grinding time, we investigated potential effects of the grinding duration of individual reactant pairs on the intermediate formation.

The reaction products were analysed by powder X‐ray diffraction on the Bragg‐Brentano diffractometer D8 Advance (Bruker AXS, Germany) equipped with a LYNXEYE XE−T detector. The copper radiation source was operated at 40 keV and 40 mA. The samples were mounted in identical plate sample holders and measured with the step size of 0.02 ° and the measurement duration of the 2 s/step. To enable the direct comparison between the diffractograms and the calculated peak areas for the different samples without further normalization, all acquired diffractograms were reduced with respect to background using DIFFRAC.EVA V4.2 software (Bruker AXS, Germany) with curvature value 1.0 and the threshold value of 1.0. The amount of ettringite formed in the time‐dependent two‐step mechanosynthesis (\#2) was assessed by calculation of the peak area of the (1 0 0) reflection at 9.09 ° 2θ (Cu~Kα1~). The absolute peak area was calculated using numerical integration based on the trapezoidal calculation of the integral between 8.5 ° and 9.5 ° 2θ as implemented in Origin 2018G Software (OriginLab Corporation, USA). The crystallinity and the crystallite size of the samples were calculated using DIFFRAC.EVA V4.2 software. The calculation of the crystallinity for the individually ground reactants was based on the ratio of the reduced diffractogram area to its global area. The crystallite size of ettringite was calculated according to the Scherrer equation[63](#open201900215-bib-0063){ref-type="ref"}, [64](#open201900215-bib-0064){ref-type="ref"}, [65](#open201900215-bib-0065){ref-type="ref"} using full width at the half‐maximum (FWHM) of the (1 0 0) ettringite reflection. The particle size for the intermediate mixtures from the two‐step syntheses (\#2) was analysed by the laser granulometric analysis (Mastersizer S Vers. 2.18, Malvern Instruments Ltd, UK) after the suspending of the powder samples in isopropanol.

2. Results and Discussion {#open201900215-sec-0003}
=========================

The product of the one‐step mechanosynthesis was obtained as a damp, clay‐like material. In the diffraction pattern shown in Figure [4](#open201900215-fig-0004){ref-type="fig"}, reflections of the reactants and product ettringite can be seen. The composition of this mixture indicates that only a small part of the starting materials reacted to the ettringite. Quantitative Rietveld refinement indicates that only 34 %~wt.~ ettringite is present in the final mixture.[35](#open201900215-bib-0035){ref-type="ref"} Residual moisture of the resulting mixture after 2 h grinding was the first evidence of an incomplete reaction, since the molar amount of water in the mixture should be entirely incorporated into the structure of ettringite.

![XRD data of the reactants and products of the one‐ and two‐step syntheses. The main reflections are depicted in: blue -- ettringite \[Ca~3~Al(OH)~6~\]~2~ ⋅ (SO~4~)~3~ ⋅ 26H~2~O, PDF 01‐075‐7554; red -- CaSO~4~ ⋅ 2H~2~O, PDF 00‐074‐1433; green -- Al(OH)~3~, PDF 01‐074‐1775; orange -- Ca(OH)~2~, PDF 00‐044‐1481.](OPEN-8-1012-g004){#open201900215-fig-0004}

In the two‐step approach, solid reactants Al(OH)~3~, Ca(OH)~2~ and CaSO~4~ ⋅ 2H~2~O were ground under neat conditions for 90 min. In this case, no ettringite formation was observed. Water was subsequently added to the mixture, and the grinding continued for further 30 min. The resulting product contains 94 %~wt.~ ettringite, as evidenced by quantitative Rietveld refinement.[35](#open201900215-bib-0035){ref-type="ref"} Thus, the conversion obtained in the two‐step mechanosynthesis is considerably higher than the conversion in the one‐step mechanosynthesis, Figure [4](#open201900215-fig-0004){ref-type="fig"}.[35](#open201900215-bib-0035){ref-type="ref"} We systematically increased the duration of the neat pre‐grinding step from 15 min to 120 min to observe the influence of the grinding duration on the reaction conversion (Figure [5](#open201900215-fig-0005){ref-type="fig"}). The reflection of ettringite increases in intensity with prolonged neat pre‐grinding. Figure [6](#open201900215-fig-0006){ref-type="fig"} shows the dependence of the main peak area of ettringite from the grinding duration. From the calculations of the area of the (1 0 0) Bragg peak, the dependence of the amount of ettringite on the neat pre‐grinding duration can be observed (Figure [6](#open201900215-fig-0006){ref-type="fig"}, right). Thus, the conversion is linked to the duration of the neat pre‐grinding step. This dependence was fitted using sigmoid function and shows a steep rise between 45 and 90 min of the neat grinding. The prolongation of the pre‐grinding beyond 90 min leads to ca. 10 % increase of the ettringite peak area, thus indicating the curve stagnation. The product achieved in the synthesis with neat pre‐grinding duration of 120 min (2.5 h total synthesis time) contains 97 %~wt.~ ettringite according to the quantitative Rietveld refinement. Thus, the pre‐grinding duration of 90 min seems to be the time needed to convert most of the reactants to ettringite (94 %), and an increase of the pre‐grinding for further 30 min allows to achieve only 3 % more of the aimed product.

![XRD data of the intermediate mixture and products obtained in the two‐step mechanosyntheses (\#2 in Figure 2) after variable neat pre‐grinding time. The positions of the main reflections are depicted in: blue -- ettringite \[Ca~3~Al(OH)~6~\]~2~ ⋅ (SO~4~)~3~ ⋅ 26H~2~O; red -- CaSO~4~ ⋅ 2H~2~O; green -- Al(OH)~3~; orange -- Ca(OH)~2~.](OPEN-8-1012-g005){#open201900215-fig-0005}

![Dependence of the formed ettringite amount on the duration of the neat pre‐grinding: left ‐ development of the intensity of the main reflection; right -- calculated peak area with related conversion values.](OPEN-8-1012-g006){#open201900215-fig-0006}

XRD data of the pre‐ground intermediate mixture are shown in Figure [5](#open201900215-fig-0005){ref-type="fig"}, left. The comparison indicates that prolonged neat pre‐grinding leads to: (a) a marked decrease in the reflection intensities of the reactants, which suggests a significant mechanically induced reduction in particle size; (b) an overall decrease in crystallinity of the ground mixture (Figure S1). Since the intermediate mixture consists of several components, the decrease in its overall crystallinity can be related to changes in crystallinity in any of the mixture components. It can also be concluded that (c) the process is accompanied by the partial dehydration of gypsum to calcium sulphate hemihydrate CaSO~4~ ⋅ 0.5H~2~O as indicated by a new peak at 17° 2theta. These findings were corroborated by the results of laser granulometric analysis, which showed that the neat grinding process does indeed lower the particle size of the resulting mixture (Figure S2).

To further evaluate the presence of grinding effects, we individually analysed the influence of the neat grinding duration on the crystallinity of each solid reactant (Figure S2). Prolonged milling of pure samples of CaSO~4~ ⋅ 2H~2~O and Ca(OH)~2~ did not show any notable changes in the diffraction patterns. Hence, it is unlikely that activation of these components is responsible for changes observed in the crystallinity of the mixture. In contrast, milling of Al(OH)~3~ was met with significant decrease in scattering intensity of the resulting sample. It follows that milling of this compound leads to marked decrease in its crystallinity. Its crystallinity decreases substantially for grinding times up to 60 min, whereby at this point the total crystallinity decreases by ca. 60 % and persists at this value if Al(OH)~3~ is ground for further 60 min (Figure S2). Thus, significant reduction of the particle size and the activation occur during the prolonged mechanical treatment of Al(OH)~3~. This mechanical activation of Al(OH)~3~ during the neat pre‐grinding of solid reactants in the two‐step ettringite mechanosynthesis seems to play a significant role for the progress of the mechanochemical reaction. Some authors observed significant effects of mechanical treatment on Al(OH)~3~ including the occurrence of structural defects and amorphization up to decomposition to Al~2~O~3~.[66](#open201900215-bib-0066){ref-type="ref"}, [67](#open201900215-bib-0067){ref-type="ref"}, [68](#open201900215-bib-0068){ref-type="ref"}, [69](#open201900215-bib-0069){ref-type="ref"}, [70](#open201900215-bib-0070){ref-type="ref"}, [71](#open201900215-bib-0071){ref-type="ref"}, [72](#open201900215-bib-0072){ref-type="ref"}

A series of three‐step mechanosyntheses were performed, according to procedures outlined in Figure [3](#open201900215-fig-0003){ref-type="fig"}. The XRD data of the intermediate mixtures produced in each step are shown in Figure [7](#open201900215-fig-0007){ref-type="fig"}, alongside XRD patterns for the respective final product mixture. The complete set of experiments is summarised in Figure S3 and discussed in detail below.

![XRD data of the intermediates after steps I, II and of the final products of the three‐step mechanosyntheses (\#3). Positions of the main reflections are depicted in: blue ‐ ettringite, \[Ca~3~Al(OH)~6~\]~2~ ⋅ (SO~4~)~3~ ⋅ 26H~2~O; red -- CaSO~4~ ⋅ 2H~2~O; green -- Al(OH)~3~; yellow -- Ca(OH)~2~; grey -- CaSO~4~ ⋅ 0.5H~2~O (without bar code).](OPEN-8-1012-g007){#open201900215-fig-0007}

Neat grinding of a 2 : 3 molar mixture of Al(OH)~3~ and Ca(OH)~2~ (syntheses \#3.1--\#3.3) leads to the formation of the intermediate hydrogarnet Ca~3~Al~2~O~6~ ⋅ 6H~2~O according to:$$3\mspace{720mu}{Ca}\left( {OH} \right){}_{2} + 2\mspace{720mu}{Al}\left( {OH} \right){}_{3 -} > {Ca}{}_{3}{Al}{}_{2}O{}_{6}\, \cdot \,{6H}{}_{2}O$$

In syntheses \#3.1 and \#3.2 (Figure [3](#open201900215-fig-0003){ref-type="fig"}, Figure [7](#open201900215-fig-0007){ref-type="fig"}, Figure S3), the final reaction mixture contains traces of Ca(OH)~2~. This indicates that the conversion to hydrogarnet was incomplete. The absence of Al(OH)~3~ reflections suggests a significant reduction of the corresponding particle size, as should be expected from the above discussion on the grinding effect on pure Al(OH)~3~ (Figure [7](#open201900215-fig-0007){ref-type="fig"}). Consistent with these findings, the diffraction data for synthesis \#3.3, which refer to a shorter grinding time, contain reflections of both reactant phases indicating an incomplete reaction. A quantity of gypsum was subsequently added to the above‐mentioned intermediate mixtures, and grinding was continued for: 5 min for synthesis \#3.2) and 30 min for syntheses \#3.1 and \#3.3. This additional grinding step evidenced further consumption of Ca(OH)~2~ to form hydrogarnet. Finally, a molar equivalent of water was added to each mixture, and the third grinding step was performed. In each case, trace quantities of gypsum were observed alongside the dominant ettringite product phase.

In contrast, in experiments with the first step involving the neat pre‐grinding of CaSO~4~ ⋅ 2H~2~O and Al(OH)~3~ (synthesis \#3.4) or that of CaSO~4~ ⋅ 2H~2~O and Ca(OH)~2~ (synthesis \#3.5), the stepwise addition of all other reactants led to the final product consisting of ettringite and all used reactants. These results confirm that co‐grinding of Al(OH)~3~ and Ca(OH)~2~ (syntheses \#3.1--\#3.3) is crucial for the achievement of the increased reaction conversion.

The single grinding of individual reactants reveals their behaviour under mechanochemical treatment. The particle size of Al(OH)~3~ reduces significantly, and the crystallinity decreases after 60 min grinding by up to 60 % and remains constant by further grinding. In contrast, the crystallinity of individually ground Ca(OH)~2~ or CaSO~4~ ⋅ 2H~2~O remains stable upon prolonged grinding.

The three‐step procedures offered new insights into the interactions of reactant phases during mechanosyntheses. Notably, Al(OH)~3~ and Ca(OH)~2~ form hydrogarnet in the absence of CaSO~4~ ⋅ 2H~2~O (synthesis \#3). If these two reactants are ground in presence of CaSO~4~ ⋅ 2H~2~O for up to 120 min (synthesis \#2), the reflections of Al(OH)~3~ and Ca(OH)~2~ gradually disappear without hydrogarnet being formed (Figure [5](#open201900215-fig-0005){ref-type="fig"}). Their states and transformation products remain unclear. However, the specific interaction of Al(OH)~3~ and Ca(OH)~2~ during the grinding seems to be a pre‐requisite for the successful formation of ettringite in high yields.

Appropriate analysis of non‐crystalline metastable states is needed to obtain information about proposed amorphous intermediates. Further research is needed to decipher the interaction between Al(OH)~3~ and Ca(OH)~2~ during the ettringite mechanosynthesis, the existence of their interim phases or the evidenceof their states.

3. Conclusion {#open201900215-sec-0004}
=============

An environmentally friendly mechanochemical synthesis of ettringite was developed which combines the advantages of a high conversion/short reaction time (94 % in 2 h) with no CO~2~ release or waste water production and the need for product separation compared to conventional wet‐chemical industrial synthesis. Insights into the reaction mechanism were obtained through the investigation of one‐, two‐ and three‐step mechanochemical procedures using different sequences of reactant combinations relying on product characterization by powder X‐ray diffraction and granulometric analysis. The neat pre‐grinding of the solid educts is crucial for a high conversion to ettringite. The process investigated in this work ensures 94 % conversion to ettringite after 2 h . This high conversion seems to be critically dependent on the neat pre‐grinding of Al(OH)~3~ (accompanied by a considerable crystallinity loss and particle size reduction) in the presence of Ca(OH)~2~ turned out to.
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